We present here the experimental results from research conducted on negative refraction and focusing by a two-dimensional (2D) left-handed metamaterial (LHM) slab. By measuring the refracted electromagnetic (EM) waves from a LHM slab, we find an effective refractive index of -1.86. A 2D scanning transmission measurement technique is used to measure the intensity distribution of the EM waves that radiate from the point source. The flat lens behavior of a 2D LHM slab is demonstrated for two different point source distances of d s = 0.5λ and λ . The full widths at half maximum of the focused beams are 0.36λ and 0.4λ, respectively, which are both below the diffraction limit. 
Introduction
Materials that possess a negative index of refraction have become a remarkable research area in recent years due their interesting properties and novel applications [1] . One approach taken is to construct a composite metamaterial (CMM) consisting of two components that have permittivity of ε (ω) < 0 [2] and permeability of μ (ω) < 0 [3] simultaneously over a certain frequency range, so that the resulting index of the refraction of the effective medium becomes 0 eff < = εμ n [4] [5] [6] [7] [8] [9] [10] [11] . Another path was revealed by photonic crystals (PCs), where the band structure led to negative dispersion for electromagnetic (EM) waves. Hence, a negative index of refraction can be associated with the unusual optical properties of PCs [12] [13] [14] [15] [16] [17] .
In the pioneering work of Pendry et al. [2] , a metallic thin wire grid has been shown to exhibit a plasma frequency in the microwave regime, below which the effective permittivity is negative. Thereafter, a split-ring resonator (SRR) structure is proposed to have μ (ω) < 0 near the magnetic resonance frequency [3] . The first experimental demonstration of left-handed metamaterials (LHM) were achieved by arranging ε (ω) < 0 media and μ (ω) < 0 media periodically [4, 5] . Experimental verification of negative refraction was reported shortly after [6] [7] [8] [9] , supporting the existence of n eff < 0 medium.
A negative refractive index allows a flat lens to bring EM waves into focus, whereas positive refractive index materials always require curved surfaces to focus EM waves [1, 18] . One interesting physical behavior of negative index materials is that they can restore the amplitude of evanescent waves and therefore enable subwavelength focusing [18] . Subwavelength resolution was experimentally verified for negative index materials made of PCs [15] and left-handed transmission-line lenses [19] . Imaging properties of LHMs [20] , limitations on subwavelength imaging [21, 22] and subwavelength imaging in photonic crystals [23] are investigated theoretically. Recently, a sub-diffraction-limited silver superlens is reported to have operated at optical frequencies [24] . LHM multi-focal flat lenses [25] , planoconcave lenses of LHMs [26] and PCs [27] are recent studies making use of the negative refraction concept for constructing an image.
In this paper, we present our recent results from research conducted on negative refraction and the flat lens behavior of LHMs. Our structure exhibits high transmission [9] and low reflection [10] at a certain frequency. First, the negative index of refraction for the twodimensional (2D) LHM is verified by using the Gaussian beam shifting method. An omni-directional source is then placed at two different distances away from the LHM lens, in which a clear image of the source is subsequently observed. The measured full widths at half maximum (FWHM) of the focused beams are 0.36λ and 0.4 λ for two different source distances. This is consistent with the result that negative index materials can focus EM waves onto an area smaller than a wavelength [18] .
Verification of the negative index of refraction
The LHM structure is constructed by periodically combining SRRs and wires. Periodic thin wire media is responsible for negative effective permittivity, whereas a periodic SRR structure provides negative effective permeability [4, 5, 11] . SRR and wire patterns are fabricated on the front and backsides of FR4 printed circuit boards. The metal used for deposition was copper and had a thickness of 30 μm. The geometrical parameters of a SRR unit cell can be found in our previous work [9] .
We previously reported a true left-handed peak for one-dimensional LHMs, where we demonstrated the magnetic resonance of SRRs, downward plasma frequency shift and high transmission peak [11] . The same structure is used for constructing a 2D LHM. This 2D LHM is shown to exhibit high transmission (-10.2 dB) and low reflection (-38 dB) [9, 10] . Since we have a clear understanding of this structure, it can be employed for negative refraction and flat lens imaging measurements.
The refraction spectrum is measured by a setup consisting of an HP 8510C network analyzer, a standard high gain microwave horn antenna as the transmitter, and a monopole antenna as the receiver ( Fig. 1(a) ). The size of the monopole antenna is 3.9 cm, which is half of the wavelength (λ≅7.77cm) of the EM wave at a working frequency of f= 3.86 GHz. The 2D LHM structure is composed of N x = 40, N y = 20, and N z = 10 unit cells, with lattice spacings a x = a y = a z = 9.3 mm. The top view of the experimental setup is given in Fig. 1(a) , the x and z directions are shown in the figure, whereas the y is directed to the out of page. The electric field is along the y direction, whereas the magnetic field and wave-vector are on the xz plane. As seen in Fig. 1(a) , the horn antenna is placed on the negative side (-x) of the LHM structure with respect to its central axis. The horn antenna is 125 mm (1.6λ) away from the first interface of the LHM slab. FWHM of the beam at the interface is comparable to the wavelength and smaller than the size of the incident surface (340 mm ~ 4.5λ). The EM wave is sent through the LHM slab with an incident angle of with Δx = Δz = 2.5 mm steps. In our experiments we can only measure the power at a certain point, which corresponds to the time averaged intensity at that point.
At f = 3.86 GHz our 2D LHM is shown to have the highest transmission and lowest reflection values [10] . We have set 3.86 GHz as our working frequency, to assure that the effect of the reflections on our results is kept at minimum, including losses due to reflection. Figure 2 (a) displays the measured refraction spectrum at 3.86 GHz. The intensities are normalized with respect to maximum intensity. The incident EM wave has a Gaussian beam profile centered at x = 0. Therefore, by measuring the shift of the outgoing beam, one can easily deduce whether the structure has a positive or negative index of refraction [14, 17] . As clearly seen in Fig. 2(a) , the center of the outgoing Gaussian beam is shifted to the left side of the center of the incident Gaussian beam, which due to Snell's law, corresponds to negative refraction. The point z = 0 in Fig. 2(a) corresponds to the second LHM-air interface. Figure 2(b) is the cross-section of Fig. 2(a) taken at z = 0, in other words it provides the intensity distribution of an EM wave at the LHM-air interface. As can be seen in Fig. 2(b) , the center of the refracted Gaussian beam (red dashed line) is measured at -12.5 mm away from the center of the incident Gaussian beam (blue dotted line).
Snell's law is an effective method for calculating refractive indices. Since we know the amount of the beam shift (-12.5 mm) and the thickness of the LHM slab, t = 91.2 mm, the angle of refraction can easily be calculated by using simple geometry, and found as ) as n eff = -1.86. The refractive index values were calculated by using the data in Ref. 9 for the same structure by using the experimental results of refraction through a wedge shaped LHM sample (n eff = -1.95) and the phase shift between different numbers of LHM layers (n eff = -2.00) [9] . The result n eff = -1.86 obtained from a Gaussian beam shifting experiment is in good agreement with the previously reported experimental results.
Point focusing by a LHM flat lens
The presence of negative refraction enables the possibility that the slab structure may act like a lens for an omni-directional source. As described in detail in Ref. 18 , a parallel-sided slab of material made of negative index metamaterial can focus EM waves. EM waves emerging from an omni-directional source located near such a lens will first be refracted through the first air-LHM interface and will come into focus inside the material. Then outgoing EM waves will face refraction again at the second LHM-air interface and the refracted beam will meet the optical axis of flat lens, where the second focusing will occur. If the lens is not thick enough, the focusing may not occur inside the lens, which in turn will result in a diverging beam instead of a converging beam, even if the material is negatively refracting. Therefore, the thickness of the lens plays a crucial role for observing flat lens behavior.
We have employed a LHM lens with 40×20×10 layers along the x, y and z directions. Along the propagation direction (z direction) the structure has 10 unit cells, and the thickness is t = 91.2 mm. The top view of the experimental setup for verifying focusing through a flat lens of LHM is schematically given in Fig. 1(b) . A monopole antenna is used as the point source. The source is located away from the LHM lens at two different source distances of d s = 39 mm (0.5λ) and d s = 78 mm (λ). The intensity distribution of an EM wave is scanned by another monopole antenna with Δx = Δz = 5 mm steps. The measured transmission spectra are shown in Fig. 3 , with the intensities normalized with respect to the maximum intensity values. The point z = 0 corresponds to the LHM-air interface. Figure 3(a) provides the transmission spectrum for the omni-directional source located at d s = 39 mm away from the LHM lens. As seen in the figure, an image is formed at a focal length of z = 40 mm (~0.52λ). For the case where the point source is placed at d s = 78 mm, the image is observed at z = 20 mm (~0.26 λ ) (Fig. 3(b) ). As the point source is moved away from the LHM flat lens, the focal length is shifted towards the flat lens, which is consistent with the imaging theory. Figs. 4(a) and 4(b) that the EM wave is focused in both the longitudinal and lateral directions. FWHM of the focused beams along the longitudinal direction are ~0.3λ, for both source distances. From the intensities along the lateral direction, FWHMs are found to be 0.4λ and 0.36λ for the source distances d s = λ /2 and d s = λ , respectively, which are below the diffraction limit. As seen in Fig. 4(b) , when the focal length is closer to the lens (as the case for d s = λ ), the contribution of the evanescent waves to focusing is higher, which in turn results in better sub-wavelength resolution (0.36λ). Note that there is a single focal point for both cases, different than the previously observed multi-focal flat lens [25] . Since the reflections from the surface are very small in our structure, we observed a single focal point. As indicated in ref. 28 the presence of reflections from the surface may cause multiple images and affect flat lens imaging.
The flat lens presented here, subsequently enables subwavelength imaging by virtue of negative refractive index [18] . Growth of evanescent waves inside the LHM transmission-line lens and decay of the field outside the lens was shown by Grbic et al. [19] . In our experiments we can only measure the field outside the LHM lens. The measured time averaged intensity has both propagating and evanescent wave components. Therefore the decay of evanescent waves could not be observed since the propagating electric field screened the decaying behavior of evanescent waves. Pendry's perfect lens holds for ε =μ=-1 therefore the effective refractive index is n eff = -1. The limitations on the subwavelength imaging are discussed for a perfect lens and deviations of material parameters from the ideal values are shown to affect the subwavelength focusing [21, 22] . The constructed image in our case is imperfect due to material losses and deviations from the ideal material parameters. The effective index of refraction -1.86 is quite different from the ideal refractive index n=-1. But small deviations from ideal parameters can be permitted to achieve subwavelength imaging [22] . Subwavelength focusing is shown theoretically [23] and experimentally [15] for photonic crystals, where material parameters do not play an important role for overcoming the diffraction limit.
The paraxial approximation and ray diagrams are only applicable for the ideal case where n = -1. A recent theoretical analysis done by Lu et al. shows that negative group refraction is responsible for flat lens imaging therefore it is not meaningful to speak of Snell's Law and geometrical optics if the refractive index is different from the ideal value n=-1 [28] . Therefore a focal point estimate by using geometrical optics will not work in these anisotropic structures.
LHM structures are all-angle negatively refracting materials, since the effective refractive index of these structures is determined by the effective material parameters, dielectric permittivity and magnetic permeability. All-angle negative refraction is essential for focusing the beam diverging from a point source [13] . Another crucial point is that the lens should not suffer much from the reflections at the LHM-air interface. The advantages of our flat lens in a nutshell are that: (1) The lens is constructed from an all-angle negative refractive index LHM slab, (2) it operates at a frequency where the transmission is at the maximum and the reflection is minimum, assuring that the experimental results are not any artifact of the reflections from the surface, (3) it is working in free space rather than an isolated waveguide environment, and (4) it enables sub-wavelength focusing by virtue of the negative refractive index.
Conclusion
In this paper, the negative refraction and the point focusing analysis of a 2D LHM flat lens is presented. The structure is shown to exhibit a negative refractive index at 3.86 GHz for a plane wave source. The Gaussian beam shift method and Snell's law are employed to verify and calculate the negative index of refraction of the LHM. The effective refractive index value is found to be -1.86, which is consistent with the previously reported index of refraction values for the same structure. The flat lens behavior of a 2D LHM slab is investigated for a point source, located at two different distances away from the air-LHM interface. Subwavelength focusing is achieved along the longitudinal and lateral direction. A free space flat lens made of an all-angle negative refractive index LHM with low reflection is successfully demonstrated.
